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We report high-performance short channel pentacene field effect transistor (FET) using carbon
nanotube aligned array electrodes. The devices show field effect mobility of up to 0.65 cm2/Vs and
current on-off ratio of up to 1.7  106, which is the best for sub-micron pentacene FETs. The
calculated cutoff frequency (fc) of the devices is up to 211 MHz which is among the best reported fc
for organic transistors. The high performance of our short channel FET is attributed to improved
C 2012
charge injections from the aligned array carbon nanotube electrodes into the pentacene. V
American Institute of Physics. [doi:10.1063/1.3675639]

Organic field effect transistors (OFETs) have been considered as a promising active elements in the large area,
low-cost, and low-weight electronic devices such as flexible
integrated circuits, displays, sensor arrays, and radiofrequency identification tags.1,2 For many of these applications, OFETs should operate at high switching speed with a
high on-current. The switching speed of OFETs is proportional to the mobility (l) and inversely proportional to the
square of the channel length (L).3,4 In addition, the on-current
is also inversely proportional to the channel length. Therefore,
in order to raise the switching speed and on-current, OFETs
with small channel length (short channel OFETs) and high
mobility are required. Up until now, short channel OFETs
were fabricated using metal electrodes (mostly gold) where
interfacial barriers such as Schottky barrier and dipole barrier
are known to create major bottleneck for charge carrier injection.5,6 Both the theoretical and experimental studies reveal
that when the channel length is reduced, the contact resistance
at metal-organic semiconductor interface becomes very high
compared to the resistance of the organic semiconductors in
the channel,8 leading to a significant reduction in mobility.
Moreover, these devices show a lower current on-off ratio due
to a high off current and displays parabolic behavior in the
output current, known as short channel effect.7,8 Therefore,
achieving high performance short channel OFETs still
remains a significant challenge. One way to overcome the
challenges of short channel devices is to search for alternative
electrode materials with more efficient charge injection into
organic materials. Due to its unique electronic properties and
strong p-p interaction with organic semiconductors,9 carbon
nanotubes may be one such electrode material10–13 that can
overcome the limitations of metal electrodes in fabricating
high performance short channel devices.
In this paper, we report the high-performance pentacene
OFETs using aligned array carbon nanotubes electrode with
a)
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L ¼ 0.7 lm. The electronic transport measurement of 10 such
devices show that the maximum mobility is 0.65 cm2/Vs with
an average of 0.25 cm2/Vs, and the current on-off ratio is in the
range of 2.9  103 to 1.7  106. The maximum mobility and
on-off ratio reported here are the highest reported for the short
channel pentacene OFETs. We also show that the calculated
maximum cutoff frequency (fc) of the device is 211 MHz with
an average of 81.5 MHz. The maximum fc of our device is one
order of magnitude higher than the fc of control and reported
devices fabricated using gold electrodes. We attribute the high
performance of our devices using nanotubes electrodes to
improve charge injection and better interfacial contacts between
pentacene and the aligned array carbon nanotube electrodes.
Highly dense aligned array single-walled carbon nanotube
(SWNT) source and drain electrodes with tips parallel to each
other were fabricated though oxidative cutting of aligned
SWNT array by electron beam lithography (EBL) and precise
oxygen plasma etching. We used heavily doped Si substrates
with a thermally grown 250 nm thick SiO2 layer as a substrate.
Palladium (Pd) patterns of 5 lm  25 lm, fabricated by optical
lithography, were used to align the nanotubes via ac dielectrophoresis (DEP) from a high quality, stable and surfactant free
SWNT aqueous solution obtained from Brewer science. The
details of the SWNT assembly can be found in Ref. 14. In brief,
a 3 ll drop of the solution was placed on the chip and an ac
voltage of 5 Vp-p at 300 kHz was applied between the Pd patterns for 30 s. The ac voltage creates a time averaged DEP force
between Pd patterns and aligns the SWNTs. The resistances of
the SWNT arrays were in the range of 400-800 X with sheet
resistances varying from 1.5 to 3 kX/sq. After the assembly, the
SWNT source and drain electrodes with L ¼ 0.7 lm and channel width W ¼ 25 lm were defined by EBL followed by oxygen
plasma etching of the exposed SWNTs array. Finally, the samples were kept into chloroform for 12 h, and washed with isopropanol (IPA) and deionized (DI) water.
The scanning electron microscopy (SEM) image of a part
of the SWNT aligned array electrodes is shown in Fig. 1(a). In
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FIG. 2. (Color online). Transfer characteristics (Id versus Vg) at Vd ¼ 10 V
(left axis) and HId (right axis) of typical OFETs using (a) SWNT aligned
array electrodes and (c) gold electrodes. Output characteristics (Id versus Vd)
at Vg ¼ 0 to 60 V with 15 steps of the (b) SWNT aligned array electrodes
and (d) gold electrodes.

FIG. 1. (Color online) (a) SEM image of a part of the nanotubes electrodes.
(b) High magnification AFM image of the SWNT tips of the electrodes. AFM
images of deposited pentacene thin film on the (c) nanotube electrodes, and
(d) gold electrodes. The scale bars in figures (a), (b), (c), and (d) are 1 lm.

the electrodes, the nanotubes are well aligned where individual
nanotubes are closely packed with parallel and open-ended tips,
as shown in the atomic force microcopy (AFM) image
(Fig. 1(b)). The parallel and open-ended tips are advantageous
because parallel tips can enhance tunneling of the charge carriers at nanotube electrodes and pentacene interface due to electric field enhancement at these tips. In addition, open-ended tips
provide higher field emission than the close-end nanotube
tips.15 In order to compare the performance of our SWNT
aligned array electrodes, gold electrodes of similar geometry
were fabricated for control experiments. The pentacene thin
film (30 nm) was thermally evaporated on top of the SWNT
electrodes and gold electrodes. Figs. 1(c) and 1(d) show a part
of the AFM images of the deposited pentacene thin films,
showing a nearly uniform morphology throughout. We did not
observe any noticeable difference between the morphologies of
the pentacene films deposited on SWNT and gold electrodes.
The OFET characteristics were measured using HewlettPacked (HP) 4145B semiconductor parametric analyzer connected to a probe station inside an enclosed glove box system
with nitrogen gas flow.
The electronic transport characteristics of a typical pentacene OFET using aligned SWNT array electrodes with
high mobility and high current on-off ratio are shown in
Figs. 2(a) and 2(b), respectively. The transfer characteristics
(Fig. 2(a)) show a well modulation of drain current (Id) with
gate voltage (Vg) with a current on-off ratio of 1.7  106.
The linear mobility (l) of the device is 0.25 cm2/Vs, calculated using standard formula l ¼ ðL=WCi Vd ÞðdId =dV g Þ;
where, Vd is the source-drain voltage, Ci is the capacitance
per unit area of the gate insulator (13.8 nF/cm2). The output

characteristics (Id-Vd curves) of the same device (Fig. 2(b))
displays a high output current of  215 lA at Vg ¼ 60 V
and Vd ¼ 60 V. Although a high output current in the
short channel OFETs is expected, well gate modulation with
high on-off ratio is not typically observed in short channel
OFETs using conventional metal electrodes. The linear
behavior of the output curves at low bias is consistent with
ideal ohmic contact, suggesting a good interfacial contact
between the aligned nanotube electrode and pentacene. Out
of the 10 pentacene/SWNT OFET devices that we have
measured, we found that the mobilities are in the range of
0.09 to 0.65 cm2/Vs with an average of 0.25 6 0.16 cm2/Vs
and the on-off ratios of the most of the devices are greater
than 104 with a maximum of 1.7  106. The maximum mobility of 0.65 cm2/Vs and maximum on-off ratio of 1.7  106
of our short channel devices using SWNT aligned array electrodes are the highest reported for any submicron pentacene
OFETs.7,16
The performance of our OFETs using SWNT aligned
array electrodes are also better compared to our control
OFETs using gold electrodes with identical device geometry,
which were fabricated and measured under same experimental conditions. The transfer and output characteristics of a
typical pentacene/gold device are shown in Figs. 2(c) and
2(d), respectively. The mobility, on-off ratio, and output current of this device are 0.03 cm2/Vs, 1.3  104, and 17 lA (at
Vg ¼ 60 V and Vd ¼ 60 V), respectively. The mobility of
the measured 10 pentacene/gold devices is in the range of
5  103 to 0.05 cm2/Vs with an average of 0.02 6 0.01 cm2/
Vs, and the on-off is in the range of 5.8  102 to 2.1  104.
Therefore, the maximum mobility and maximum on-off ratio
of the devices using nanotube electrodes are 13 times and
100 times higher than that of devices using gold electrodes,
respectively. In addition, the output curves of the OFETs
using gold electrodes show a non-linear behavior at both low
and high bias, a common phenomenon observed in short
channel OFETs with metal electrodes and high gate thickness.3,4 In contrast, although our pentacene/SWNT OFETs
fabricated using a small channel length (0.7 lm) and comparable oxide thickness (0.25 lm), they show linear behavior
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of the output curves (Fig. 2(a)) and provide a higher mobility
along with higher on-off ratio (Fig. 2(b)), suggesting that the
performance is not limited by short channel effect. As the
short channel effect is a major bottleneck in reducing the device size for high performance OFETs,3,4,7,8 the improvement of our short channel devices using SWNT electrodes is
very significant. The performance of the OFETs mainly
depends on the film morphology of the channel materials
and the contact barriers between the films and electrodes. As
the both the film morphologies of the pentacene/SWNT and
pentacene/gold devices are the same, the improved performance of pentacene/SWNT devices are mainly arose from the
improved contact.
In order to demonstrate improved charge injection of the
SWNT aligned array electrodes, we show box plots of oncurrent of all measured pentacene/SWNT devices (top box)
along with all pentacene/gold devices (bottom box) in Fig.
3(a). The on-current is calculated from the transfer curve at
Vg ¼ 60 V and Vd ¼ 10 V. The average on-current of pentacene/SWNT devices is 65 lA with a maximum of 100 lA,
whereas the average on-current of pentacene/gold device is
only 6.6 lA with a maximum of 11 lA. Therefore, the both
average and the maximum on-current of the pentacene/
SWNT devices are 10 times higher than that of pentacene/
gold devices. This clearly demonstrates that the charge injection from densely aligned SWNT array electrodes with open
ended tips is much better than that of the gold electrodes.
The short channel OFETs with high mobility can provide improved switching speed, which is required for many
practical applications such as display electronics. The unity
gain cutoff frequency of the transistors in the linear region is
described as fc ¼ (lVd/2pL2)[CiWL/(CiWL þ Cp)]; where Ci
is the gate capacitance per unit area and CP is the parasitic
capacitance. Considering Cp  CiWL,3,17 we calculated fc of
our devices and a plot of the fc versus on-off ratio is shown
in Fig. 3(b). This plot shows that compared to the pentacene/

FIG. 3. (Color online) (a) Box plot of the on-current of pentacene/SWNT
(top box) and pentacene/gold devices (bottom box). (b) Cutoff frequency is
plotted against corresponding current on-off ratio for 10 pentacene/SWNT
devices (star) and 10 pentacene/gold devices (circle).

Appl. Phys. Lett. 100, 023301 (2012)

gold devices (circles), most of the pentacene/SWNT devices
(stars) have a higher fc along with a higher on-off ratio. The
average fc of the pentacene/SWNT device is
81.5 6 54.4 MHz with a maximum of 211 MHz. On the other
hand, average fc of the pentacene/gold devices is only
6.5 6 4.5 MHz with a maximum of 16.5 MHz. The device to
device variation observed may be related to the gain size of
the pentacene molecule and their orientation in the film.18
While the fc of the pentacene/gold devices is similar to the
other reported fc using gold electrodes,19 the maximum
fc ¼ 211 MHz for SWNT/pentacene OFET reported here is
one order magnitude higher than that of our control device
and previous reported fc of the OFETs.3,17,19 Recently, it was
shown that calculated value of fc is similar to the measured
value19 justifying the assumption of negligible Cp in our
devices. Nevertheless, if we consider Cp is comparable CiWL
in our devices, the maximum fc of the SWNT/pentacene will
be more than 100 MHz, still much higher than that of OFETs
using metal electrodes.
The improved performance of our short channel OFETs
using SWNT electrodes over the control and reported OFETs
using gold electrodes is attributed to enhanced charge injection from aligned array SWNT electrodes. Compared to
gold, carbon nanotube form a lower contact barrier with pentacene due to strong pi-pi interaction leading to higher
charge injection from nanotube electrodes into the pentacene.9 Additionally, in contrast to gold, carbon nanotubes
have electric field emission properties due to their one
dimensional structure and the larger field emission comes
from the nanotube tips than the side-wall.15,20 The openended tips composed of irregular-shaped graphitic sheets,
which have more dangling bond on their edges than the flat
edge of the usual close-ended nanotubes.20 These dangling
bond states have a better coupling with states of the emitted
electrons which results in more emission current.20,21 The
density of nanotubes in our aligned array electrodes is very
high (15-20 SWNTs/lm) and they are parallel to each
other (Figs. 1(a) and 1(b)). Since, in our nanotubes electrodes, all the nanotube tips are open-ended fabricated through
oxidative etching, the field emission of the nanotubes are
enhanced.22 Therefore, a large number of parallel nanotubes
with open-ended tips contribute to the field emission simultaneously resulting in higher charge injection in the devices.
In conclusion, we demonstrated high performance short
channel pentacene OFETs using aligned array carbon nanotube source and drain electrodes. Our short channel OFETs
with SWNT array electrode show well modulation of drain
current with high on-current, high on off ratio and does not
show “short channel” effect owing to improved charge injection from densely aligned SWNTs with open-ended and parallel tips. The maximum mobility of 0.65 cm2/Vs and a
maximum on-off ratio of 1.7  106 of the OFETs reported
here are higher than that of other reported short channel
devices. The maximum cutoff frequency of our device is 211
MHz, which is the best reported so far for organic transistors.
Our result presented here is a significant step forward in fabricating high performance organic electronic devices.
This work is supported by U.S. National Science Foundation under Grant ECCS 1102228.
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